Medical diagnostic X-ray workers are one occupational group that has exposure to continuous low doses of external radiation over their working lifetimes. Current ICRP recommendations [ICRP. Recommendations of the International Commission on Radiological Protection. ICRP Publication 60. Ann ICRP 1991;21 (1-3)] state that there is no threshold of stochastic effects induced by radiation exposure such as carcinogenicity or genetic defects, and that the frequency of the effects is proportional to the amount of exposure to low levels of radiation, which is measured by radiation dose. In order to determine the dose information for this special occupational group over their working lifetimes (focusing particularly on workers exposed before 1985, when there was no personal dose monitoring), a sampling survey of the occupational history for these workers was conducted and an occupational history database was established. Using the database and retrospective dosimetry method of Zhang et al. (A retrospective dosimetry method for occupational dose for Chinese medical diagnostic X-ray workers. Radiat Prot Dosimetry 1998;77:69-72), the annual occupational exposure dose for medical diagnostic X-ray personnel working between 1950 and 2011 was computerized. Some annual dose results estimated using the proposed method were numerically in good agreement with the monitoring results. The average of the annual dose for these medical workers peaked during the mid-1950s and then declined, reaching very low levels by the 1990s and remaining at those levels thereafter. The trend in the annual dose is similar to that reported by earlier studies by Zielinski et al. (Health outcomes of low-dose ionizing radiation exposure among medical workers: a cohort study of the Canadian national dose registry of radiation workers. Int J Occup Med Environ Health 2009;22:149-56). The dose calculated by the retrospective dosimetry method can truly indicate the degree of the workers' exposure in their medical X-ray diagnostic work.
INTRODUCTION
With the wide application of ionizing radiation in the field of medicine, human exposure to ionizing radiation has been continuously increasing. On a worldwide scale, medical radiation has become the main source of artificial radiation, as it is responsible for one-fifth of the annual collective effective dose of artificial radiation [1] . In China, the use of diagnostic and therapeutic procedures in radiology and nuclear medicine has increased continuously, with the annual per capita dose doubling over the past two decades [2] . Medical radiation workers (doctors, nurses and other medical staff) who are exposed to low doses of ionizing radiation from a variety of data sources (e.g. from diagnostic X-rays and other medical devices) are the occupational group with the largest exposure to artificial radioactive sources [1] .
In the Jiangsu province of China, a cohort study of 3961 medical diagnostic X-ray workers with 3742 controls was carried out for~30 years in order to examine the correlation between occupational radiation in a hospital workplace and different kinds of cancers [3] . The dose information required for further study of the radiation health effects is not yet available.
Prior to 1985 there was a lack of information regarding direct measurement of the personal dose [4] , because the national individual dose monitoring system had not been established; however, we can obtain information about the parameters of the medical X-ray devices, protective procedures, and workloads, through indirect means. Therefore, the purpose of this paper was to determine the dose information for these radiation workers, based on the indirect data.
These radiation workers mainly used radiographic installations and fluoroscopic installations to carry out radiological diagnosis. Only a small number of radiation workers used interventional facilities, mammographic installations, or computed tomography to carry out radiation diagnosis and treatment after the 1980s. During the 1980s, the country had increasingly paid more attention to radiation protection for radiation diagnosis and treatment. Compared with the use of radiographic installations, especially fluoroscopic installations near X-ray sources during the period from the 1950s to the 1970s, doses received by radiation workers using computed tomography or mammographic installations in the compartment conditions were very low. Radiation workers who worked near interventional radiology equipment were exposed to larger radiation doses. This research involved calculating and comparing the dose received by medical diagnostic X-ray workers performing a variety of work (fluoroscopy, radiography or interventional radiology) and using a range of protective protocols, as estimated by their workloads, which are characterized by the number of patients who were diagnosed by a certain type of radiation equipment within a certain period of time. Due to the range in function of the fluoroscopy, the length of time over which medical diagnostic X-ray workers received exposure to radiation varied. In order to obtain more accurate dose results, fluoroscopy was further subdivided into fluoroscopy (excluding group), gastrointestinal radiography, bone reduction under fluoroscopy, and group fluoroscopy, on the basis of earlier studies [5] .
MATERIALS AND METHODS

Study population
A sampling survey involving medical diagnostic X-ray workers was conducted in 13 cities of Jiangsu province from 1950 to 2011. We selected workers with the following characteristics: (i) they worked in the Department of Radiology and had the possibility of being exposed to low-level radiation; ii) they were responsible for the operation and maintenance of diagnostic radiology equipment. For eligibility for this cohort study, workers also needed possession of a clear medical record and to be free of any kinds of cancers both at the time of recruitment and within the first 5 years thereafter. When the cohort was first established in 1981, 3919 medical X-ray workers who participated in diagnostic radiology work during the period from 1950 to 1980 were recruited as meeting the above conditions. After the baseline survey, all of the cancer-free participants were encouraged to attend the four follow-up surveys conducted in 1986, 1991, 1996 and 2011. The current paper reports the data collected between 1981 and 2011.
Collection of indirect information
After informed consent was obtained, trained interviewers interviewed the subject, or his colleagues, using a pre-tested standard questionnaire to obtain information on occupational history in radiation, types of radiation work, types and parameters of the medical X-ray equipment used, operating conditions, protective measures taken, workload, and abnormal exposure, etc. Among the subjects, the types of radiation work included radiography, interventional radiology, fluoroscopy (excluding group), gastrointestinal radiography, bone reduction under fluoroscopy, and group fluoroscopy. To make the survey content comprehensive and concise, the investigators also referred to information from the hospital records.
Ethical considerations
This study was approved by the Survey and Behavioral Research Ethics Committee of the Jiangsu Provincial Center for Disease Prevention and Control. The respondents were assured of the security of their information and confidentiality, and they were informed of their right to withdraw from the study at any time. Informed consent was obtained prior to the data collection.
Retrospective dose reconstruction
To a certain extent, the workloads of medical diagnostic X-ray workers represent how much exposure they received, but the workloads are not directly proportional to the amount of exposure. Even with the same workload and similar type of radiation work, the doses received by radiation workers can differ, depending on the radiation protection conditions. However, the workload can be used to estimate the dose, after adjusting according to the above two factors (type of work and protection condition). Indirect information related to the protection conditions includes the operating conditions and the protective measures taken. The modified workload is known as the normalized workload.
D ij is the cumulative skin-absorbed dose of the i th worker from the j th year to June of 2011(in mGy). r k is the correction coefficient for the skin-absorbed dose from the workload of the i th worker who was exposed to the k th working condition (in mGy per thousand person-time),which refers to an earlier study (Zhang L., 1998) . W ijk is the workload of the i th medical diagnostic X-ray worker in the k th working conditions in the j th year (thousand person-time).
Using the above formula, we can calculate the cumulative skinabsorbed dose D ij of the workers. We can also calculate the annual skin-absorbed dose d ij (in Gy), which is the annual skin-absorbed dose of the i th worker in the j th year.
Then H p (10) ij of the i th worker in the j th year can be determined with the following equation:
C KT is the conversion coefficient for the skin-absorbed dose from air kerma free-in-air (in Gy·Gy −1 ), C KP is the conversion coefficient for H p (10) from air kerma (in Sv·Gy −1 ), and C KT and C KP refer to Table A.14 and Table A .24 in the ICRP recommendations [6] , respectively.
The following factors need to be considered for the selection of C KP and C KT .
(i) Irradiation geometry (such as antero-posterior, posteroanterior, lateral, isotropic, etc.)
The medical diagnostic X-ray workers are generally oriented toward the patient, whether in compartment conditions or near the X-ray source. Therefore, antero-posterior was chosen for the medical diagnostic X-ray workers as the irradiation geometry.
(ii) Ray energy In ICRP Report 74, C KP and C KT are given for the monoenergetic photons, not for the X-ray spectrum. The effective energy of the X-ray is equivalent to the spectral dosimetry. An X-ray beam has the same decay rate as a single photon, and the energy of the photon is considered to be the effective energy of the X-ray. In this study, the selection of the X-ray effective energy was based on data from other articles [7] .
The average of the annual dose was calculated using the following formula:¯( Y i is the duration of the i th worker engaged in radiation work in the j th year (in year), and it can take decimal numbers or fractions from 0 to 1.
Analysis
The data was entered by double-entry and was subject to the consistency test by Epidata 3.02. The occupational exposure dose was calculated using the Visual Basic application on the computer. The program flow diagram is shown in Fig. 1 .
RESULTS
Demographic characteristics
Between the years of 1950 and 2011, a total of 3702 medical diagnostic X-ray workers were recruited and followed up. The observed total person-time of participation in the work was 109 288 personyears. In our study, only 259 participants were lost to follow-up, with an overall retention rate of 93.5%. The changing trends in the number of participants over time are shown in Fig. 2 . Occupational exposure dose estimation for medical diagnostic X-ray workers • 143
During the period from 1970 to 1980,~73.2% of workers participated in radiation work, which can be explained by the evolution of the health care staff in China during that time. After 1970, many hospitals in China started to establish independent radiation departments, and the health workers in the new departments were experienced doctors who had transferred from other departments within the same hospital. The mean age of the participants at the time of recruitment (time of entering the radiation field) was 27.6 ± 6.3 years old. At the end of the follow-up, the mean age of the unexposed group was 66.7 ± 7.3 years old. In the decade before the survey, 45.3% of workers departed from radiation work, mainly because of retirement. At the end of the follow-up, only 624 workers of the original were engaged in diagnostic radiology work.
Radiological diagnostic workload and protective measures
In our study, the workload was the most important indirect information we collected. During the follow-up period, the total workload for radiography, fluoroscopy Table 1 . Fig. 2 . The trend in the number of medical diagnostic X-ray workers over time. The changing trends in the workload for the various types of work during each period was related to the number of workers employed in the corresponding period. In the early days, there was only a small number of people working in diagnostic radiology, and at the end of the period, there was an increase in the number of retirees, so there was less work during these two periods. The workload for all types of work was the highest in 1980-1989, except for interventional radiology.
The average annual workload was defined as the ratio of the total workload to the total person-time of medical diagnostic X-ray workers within a given period. The average annual workload for each type of work in each period did not change much, except for radiography, fluoroscopy (excluding group), and gastrointestinal radiography. The average annual workload for radiography and gastrointestinal radiography increased with time, and the trend for fluoroscopy (excluding group) was the opposite.
The workload was further classified according to the characteristics of the various types of work in the diagnostic process. Radiography effectively has a short exposure time-in particular, no bedside operation is needed. Depending on the operating conditions, the workloads of fluoroscopy (excluding group) and group fluoroscopy were divided into 'working in compartments' and 'working near X-ray source'. Under the same operating conditions, the workload was further divided into four categories on the basis of the protective equipment worn. The distribution of the workload for fluoroscopy was divided according to the operating conditions and protective measures, as shown in Table 2 .
Gastrointestinal radiography, interventional radiology, and bone reduction under fluoroscopy requires workers to be near the X-ray source to position the patient's body, conduct an operation, support the bone, etc. They were divided up according to operating conditions and protective measures, as shown in Table 3 .
Because medical diagnostic X-ray devices used in the same type of work have changed over time, differing in the ratings of their working conditions and in the degree of shielding for the worker, the type of medical diagnostic X-ray device is considered to be an important factor in dose estimation. In this study, the type of medical diagnostic X-ray device was not further classified, so much work can be done to improve the dose estimation process in the future.
Dose results
After collecting the above information, the annual occupational exposure dose for 3702 medical diagnostic X-Ray workers from 1950 to 2011 in Jiangsu, China was calculated using the established dose calculation software. The dose was given in the form of a matrix with 3702 rows and 62 columns. The dose results for the years in which workers did not engage in medical X-ray diagnostic work were set as zero.
In order to confirm the applicability of the results, a quantity with statistical significance, the average annual dose, was introduced. The changes in average annual doses over various periods are shown in Table 4 . The average annual dose for medical workers in our study peaked during the early 1950s and then declined, reaching very low levels by the mid-1990s and remaining at those levels thereafter. The annual average dose for the period of 1996-2011 for these workers was 1.1 mSv, which is numerically over two-fold lower than the annual background radiation dose of 2.4 mSv. 
Assessment
In order to evaluate the dose results, 21 medical diagnostic X-ray workers in different hospitals were monitored by thermoluminescent dosimeter (TLD) every 3 months for 21 months, and the indirect information used to estimate their doses was also collected. From the indirect information gathered, we found that for each worker, the type of work, workload, and protection conditions remained unchanged for 21 months. The assessment results are shown in Table 5 . The estimation results are very close to the TLD monitoring results.
DISCUSSION
In the absence of personal dose-monitoring data, more comprehensive indirect information (workload, operation status and protective measures, etc.) was collected using the questionnaire method. This provided the dose information for research on the dose effect. In order to ensure the reliability and authenticity of the survey data, some important quality assurance measures were applied during the investigation and data input process. After collecting the indirect information used to estimate the dose and workload, the types of protective conditions (important information required and collected for dose estimation using the retrospective dosimetry method) were classified. Using dose calculation software based on the retrospective dosimetry method, the annual dose for 3702 medical diagnostic workers was calculated. From Equation 3, the uncertainty in the dose estimation was determined by the type and workload of each worker, and the conversion factor (C KT and C KP ). First, due to the differences in distance from the radioactive source, proficiency with the operating radiation equipment, and protective properties, even medical diagnostic X-ray workers engaged in the same type of work were exposed to vastly different doses. Second, due to management confusion regarding workload for medical diagnostic X-ray workers in hospitals, or recall bias of respondents around workload, the uncertainty of the dose caused by workload uncertainty was difficult to assess and cannot be ignored. Finally, the conversion coefficients are given in terms of monoenergetic photon energy in the ICRP Report, but the radiation produced by a medical diagnostic X-ray device is a continuous X-ray spectrum characterized by the tube voltage. The tube voltage range of medical diagnostic X-ray devices is 60 kV to 100 kV (and the range of effective energy is 28.8 keV to 34.5 keV); C C / KP KT is 1.669 to 1.785. The uncertainty caused by the conversion factor is approximately -3.9% to 2.7%, which is negligible compared with the other two factors.
Between 1990 and 2000, the average annual dose of the cohort was numerically in good agreement with the average annual effective dose from diagnostic radiology in China [8] , which is shown in Fig. 3 . In other studies, the changes in mean annual dose over time from 1951 to 1987 in Canada [9] displayed the same trend as in our study. Moreover, the idea of the establishment of a retrospective dosimetry method was derived from the definition of the effective dose, which was proposed in Publication 60 (ICRP). The effective dose can provide a value, which does not take into account the characteristics of a specific individual, but only considers the given exposure conditions. The effective dose is based on the mean doses in organs or tissues of the human body. Similarly, the establishment of a retrospective dosimetry method, which takes into account the state of exposure, but not the characteristics of a specific operation, is based on the average dose due to occupational exposure in workers.
The estimated model is based on a hypothetical infinite number of radiation workers using different diagnostic equipment under different protective conditions. The dose from occupational exposure in radiological diagnosis staff is related to the quality of the protection and the characteristics of specific types of radiation work. The calculated amount of radiation workers receive in the process of diagnosis (using the retrospective dose radiation method) is a statistic, only representing the expected values as calculated by this model, not accurate dose values.
CONCLUSIONS
The dose as calculated by the retrospective dosimetry method can truly indicate the degree of a worker's exposure in medical X-ray diagnostic work.
Recommendations
The retrospective dosimetry method is universal, but the correction coefficient of dose r k is unique. This is the result of analysis of a large sample survey, which is related to the specific national or local standards for radiological health and departmental regulations. 
